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ABSTRACT
We present SAURON integral-field observations of the S0 galaxy NGC 7332. Existing broad-
band ground-based and HST photometry reveals a double disk structure and a boxy bulge
interpreted as a bar viewed close to edge-on. The SAURON two-dimensional stellar kinematic
maps confirm the existence of the bar and inner disk but also uncover the presence of a cold
counter-rotating stellar component within the central 250 pc. The Hβ and [O III] emission
line maps show that the ionised gas has a complex morphology and kinematics, including
both a component counter-rotating with respect to the stars and a fainter co-rotating one.
Analysis of the absorption line-strength maps show that NGC 7332 is young everywhere. The
presence of a large-scale bar can explain most of those properties, but the fact that we see a
significant amount of unsettled gas, together with a few peculiar features in the maps, suggest
that NGC 7332 is still evolving. Interactions as well as bar-driven processes must thus have
played an important role in the formation and evolution of NGC 7332, and presumably of S0
galaxies in general.
Key words: galaxies: abundances – galaxies: elliptical and lenticular, cD – galaxies: evo-
lution – galaxies: formation – galaxies: individual (NGC 7332) – galaxies: kinematics and
dynamics – galaxies: stellar content
1 INTRODUCTION
The nature of S0 galaxies has been a matter of controversy since
their appearance in the first morphological classification schemes
(Hubble 1936; de Vaucouleurs 1959; van den Bergh 1960a,b) and
many authors refer to them as normal spirals stripped of their gas
(e.g., Sandage & Visvanathan 1978; Dressler 1980). Studies of S0
galaxies in clusters suggest that interactions between galaxies can
lead to the loss of interstellar matter in the disk and convert spi-
rals into S0s. Other theories favour gas loss through ram-pressure
stripping from the intergalactic medium (Gunn & Gott 1972) or via
galactic winds (Faber & Gallagher 1976), or assert that S0 galaxies
⋆ E-mail:jfalcon@strw.leidenuniv.nl
† Hubble fellow
are primordial galaxies which have entirely consumed their gas due
to a high star formation rate (Larson et al. 1980).
When studying the formation of S0 galaxies, one is often
drawn to examine the order of events during galaxy assembly. Early
formation models favour the formation of the bulge before the disk,
which is supported by several photometric studies (e.g., Caldwell
1983; Terndrup et al. 1994; Peletier & Balcells 1996; Peletier et al.
1999) and by the fact that S0s behave like ellipticals in the
widely known scaling relations (i.e. color-magnitude, Mg2-σ or
fundamental plane). Numerical simulations raised the possibility
of an alternative scenario (e.g., Pfenniger 1993), in which bulges
are formed via secular evolution processes after the disk (e.g.,
Sellwood & Wilkinson 1993; Courteau et al. 1996; Carollo 1999;
Bureau & Freeman 1999; Merrifield & Kuijken 1999). Although
such studies naturally focus on the two major components, i.e. the
large-scale disk and the bulge, galaxies often show more struc-
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tures, e.g. central disks, stellar kinematically decoupled compo-
nents (KDCs) and multiple gaseous components. These are com-
monly observed in galaxies all along the Hubble sequence and are
often used to emphasize the role of mergers during the formation of
early-type galaxies (Toomre 1977; White & Rees 1978; Schweizer
1986; Franx & Illingworth 1988).
In the last 15 years, evidence for the presence of KDCs
in early-type galaxies (e.g., NGC 4406, Bender 1988; NGC 4365,
Wagner et al. 1988) has usually been revealed through long-slit
measurements. This can introduce a priori assumptions about the
geometry of the central structures, and several works have tried
to overcome this limitation by mapping the galaxies with mul-
tiple slits at different positions angles (Fisher et al. 1994; Fisher
1997; Statler & Smecker-Hane 1999; Cappellari et al. 2002). How-
ever, the arrival of a new generation of integral-field units (IFUs)
providing contiguous field-of-views (FOVs), such as OASIS (e.g.,
NGC 4621, Wernli et al. 2002) or SAURON (Bacon et al. 2001;
de Zeeuw et al. 2002), offers a much more efficient way to detect
KDCs.
Early SAURON results (Bacon et al. 2001; de Zeeuw et al.
2002) reveal a variety of structures much richer than usually rec-
ognized in early-type galaxies. It is therefore important to use the
information contained in these features to elucidate the key pro-
cesses at work during galaxy formation. The galaxies concerned
can become the ideal benchmarks against which to test the predic-
tions of galaxy formation and evolution theories. NGC 7332, the
galaxy studied in this paper, may be such a keystone.
NGC 7332, a boxy edge-on S0 galaxy1, was studied exten-
sively in the past. The galaxy is mainly known for a bright counter-
rotating and a faint co-rotating [O III] gas component with respect
to the stars (Bertola et al. 1992; Fisher et al. 1994). Those gas struc-
tures were confirmed by Plana & Boulesteix (1996), who mapped
the Hα emission via Fabry-Perot observations. NGC 7332 ex-
hibits a rather regular broad-band morphology (Peletier & Balcells
1997) and its colours are somewhat bluer than those of ellipti-
cal galaxies of the same luminosity. Spectral analysis of the cen-
tral regions reveals a luminosity-weighted age of about 6 Gyr
(Vazdekis & Arimoto 1999).
In this paper, we use SAURON observations to characterize
new and known features and improve our understanding of the mor-
phology and dynamics of NGC 7332. We focus the analysis on the
distribution and kinematics of the stellar and gaseous components,
but we also discuss the corresponding SAURON line strengths maps.
We present strong evidence for the presence of a central KDC and
complex two-dimensional (2D) gas kinematics.
The main characteristics of NGC 7332 are provided in Table 1.
Section 2 summarises the observations discussed in this paper and
their reduction. A photometric analysis and comparison with the
literature is presented in Section 3. In Sections 4 and 5, we present
and discuss the kinematic maps of stars and gas, and describe the
methods used to disentangle their respective spectral contributions.
The line-strength analysis is presented in Section 6. We finally dis-
cuss possible formation and evolution scenarios for NGC 7332 in
Section 7 and summarise our conclusions in Section 8.
1 The galaxy is classified S0p in the RC3 (de Vaucouleurs et al. 1991) due
to its boxy bulge (Sandage 1961).
Table 1. Properties of NGC 7332
Parameter Value Source
Morphological Type S0 pec de Vaucouleurs et al. 1991
MR [mag] -21.86 Balcells & Peletier 1994
B − R [mag] 1.40 Balcells & Peletier 1994
Outer Ellipticity 0.75 Andredakis et al. 1995
Distance Modulus [mag] 31.81 Tonry et al. 2001
Distance scale [pc / arcsec] 111.6
2 OBSERVATIONS & DATA REDUCTION
2.1 SAURON observations & data reduction
We observed NGC 7332 with the integral field spectrograph
SAURON attached to the 4.2-m William Herschel Telescope (WHT)
of the Observatorio del Roque de los Muchachos at La Palma,
Spain, on 13 Oct 1999. We obtained 4 largely overlapping expo-
sures of 1800 s each, producing more than 1500 spectra per ex-
posure, including 146 sky spectra 1.′9 away from the main field.
SAURON delivers a spectral resolution of 4.3 A˚ (FWHM) and cov-
ers the narrow spectral range 4810− 5350 A˚ (1.1 A˚ pixel−1). The
spatial sampling of individual exposures is performed by an ar-
ray of square lenses of 0.′′94, providing a FOV of ≈ 33′′ × 41′′ .
The seeing at the time of the observations was stable at about 1.′′1
(FWHM). Flux, velocity and line-strength standard stars were ob-
served during the same observing run for calibration purposes. Arc
lamp exposures were taken before and after each target frame for
wavelength calibration. A tungsten lamp exposure was also taken
at the end of the night in order to build the mask allowing us to
extract the data from the CCD frames.
We followed the procedures described in Bacon et al. (2001)
for the extraction, reduction, and calibration of the data, using the
specifically designed XSauron software. The sky level was mea-
sured with the help of the dedicated sky lenses and subtracted
from the target spectra. We merged the 4 individual extracted dat-
acubes by spatially resampling the spectra onto a common squared
grid. The dithering of individual exposures (with an original spatial
sampling of 0.′′94 × 0.′′94) enabled us to sample the merged dat-
acube onto 0.′′8 × 0.′′8 pixels. The resulting merged mosaic FOV
is ≈ 34′′ × 46′′ with a total of 1881 spectra. We then binned
our final datacube using the Voronoi 2D binning algorithm of
Cappellari & Copin (2003) to create compact bins with a minimum
signal-to-noise ratio S/N of 60 per pixel. Most spectra have S/N
in excess of 60, however, so that most of the original spatial el-
ements remain un-binned (e.g., [S/N ]max ≈ 300 in the central
lens).
2.2 STIS spectroscopy & data reduction
We also retrieved Space Telescope Imaging Spectrograph (STIS)
data from the Hubble Space Telescope (HST) archive at the Space
Telescope Science Institute2 (STScI) to obtain high spatial resolu-
tion spectroscopy of NGC 7332’s centre. The data form part of the
observations of proposal ID 7566 by R. Green, covering the Ca II
2 Based on observations made with the NASA/ESA Hubble Space Tele-
scope, obtained from the data archive at the Space Telescope Science Insti-
tute. STScI is operated by the Association of Universities for Research in
Astronomy, Inc., under NASA contract NAS 5-26555.
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Figure 1. SAURON FOV (thick box) superposed on the I-band image of
Peletier & Balcells (1997) (left panel). The orientation is indicated in the
bottom-left corner and is the same as for the SAURON maps shown in Fig-
ures 4-10. Contour levels are separated by 1 mag. The I-band major-axis
surface brightness profile from Peletier & Balcells (1997) is shown in the
right panel.
region between 8282 and 8835 A˚. The G750M grating was used
together with the 52′′ × 0.′′2 slit aperture, providing a dispersion of
0.56 A˚ pix−1 and a spatial sampling of 0.′′05 pix−1. We retrieved
the data reduced by the pipeline, making use of the best calibration
files available at the time, but corrections for the effect of fringing
and cosmic ray removal were still required. Fringing corrections
were applied using the prescriptions in Goudfrooij et al. (1997),
whereas we used the REDucmE package (Cardiel 1999) to perform
the cosmic ray rejection. A K0III star (HR7615) from the same data
set was also retrieved and underwent the same reduction processes.
It was used as a template for kinematical measurements.
2.3 HST & ground-based imaging
Imaging data were retrieved from several archives to perform a
structural analysis. We retrieved a set of Wide-Field Planetary
Camera (WFPC-1) images from the HST archive at STScI from
the observing program of S. Faber (Prop. ID 2600, see Lauer 1995).
The observations were made using the F555W filter (V -band). The
data set consists of 3 target frames with exposure times of 35,
140 and 140 s, respectively, and spatial sampling 0.′′044 pixel−1.
We combined the individual exposures and rejected cosmic rays
with the routine crrej, available within the IRAF3 package, thus
resulting in a cosmic ray-cleaned merged image. We also made
use of a fully-reduced ground-based Cousins I-band image from
Peletier & Balcells (1997), taken with the Isaac Newton Telescope
(INT) located in the Observatorio del Roque de los Muchachos in
La Palma, Spain. The exposure time was 200 sec and the seeing
1.′′0. We overlay in Figure 1 the contours from this I-band image
and the FOV and contours of the SAURON reconstructed total in-
tensity map (obtained by summing the data in wavelength). Finally,
the photometric analysis performed by Fisher et al. (1994) from an
R-band image, taken in 1.′′3 seeing, was also used.
3 PHOTOMETRIC ANALYSIS
We analysed the WFPC-1 data in order to study morphological sub-
structures in NGC 7332. A comparison of our analysis with that of
3 IRAF is distributed by the National Optical Astronomy Observatories,
which are operated by the Association of Universities for Research in
Astronomy, Inc., under cooperative agreement with the National Science
Foundation.
Figure 2. Photometric analysis of NGC 7332. The ratio of the WFPC-1 im-
age and a model image from our best ellipse fit is shown in the top left
panel. Position angle (PA), ellipticity (ǫ) and boxiness (c4) profiles along
the major-axis radius (r) are shown in the other panels. Solid circles repre-
sent our WFPC-1 analysis whereas open squares show the profiles obtained
by Fisher et al. (1994). The formal errors on the different parameters (on the
WFPC-1 data) are 0.60, 0.005 and 0.004 for the PA, ǫ and c4 respectively.
Fisher et al. (1994) from an R-band image is shown in Fig. 2 and
the agreement in the overlapping region is excellent. This compar-
ison is possible because the color gradients in this galaxy are small
(Peletier & Balcells 1997) and the emission lines can be neglected
(e.g., Hα and [N II] in the R-band image).
The isophotal analysis of the HST image reveals a number
of maxima and minima in the c4 parameter, which describes de-
viations of the isophotes from pure ellipses (positive c4 indicates
disky isophotes and negative c4 boxy isophotes; see e.g., Carter
1978). Positive values are present in the inner 0.′′5 but may be
strongly influenced by the halo of the pre-COSTAR WFPC-1 point-
spread-function (PSF). Positive c4 values are also observed in the
region 1.′′5
∼
< r
∼
< 7′′, where the maximum reaches about 3 per
cent. The isophotes are then elliptical or slightly boxy at interme-
diate radii (7′′
∼
< r
∼
< 12′′) and again strongly disky at large radii
(r
∼
> 12′′). A complementary representation is shown in Figure 2
(top-left panel), where we divide our image by a 2D model from
the best fitting pure elliptical isophotes. This confirms the c4 be-
haviour and highlights the excess of light above the fitted elliptical
model in the central 1− 7′′ of the galaxy. We associate this with a
central disk whose major-axis coincides with that of the galaxy, at
a position angle (PA) of 160◦. The presence of such a central disk
was already reported by Seifert & Scorza (1996). There is also ev-
idence for a secondary disk at larger radii (
∼
> 12′′), revealed by an
excess of light and a positive c4 parameter (Figure 2).
Another noteworthy feature is the position angle twist ob-
served from the centre to the outer regions of the galaxy. The mag-
nitude of the twist is about 5◦. This PA change is most likely a
projection effect due to a point symmetric structure (i.e. spiral-like
structure) showing up in the outer disk, viewed at a large but not
perfectly edge-on inclination.
4 STELLAR KINEMATICS
We measured the SAURON stellar kinematics of NGC 7332 by
fitting its spectra with a linear combination of single-age, sin-
c© 0000 RAS, MNRAS 000, 000–000
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Figure 3. Comparison of NGC 7332’s kinematic profiles from SAURON
(solid symbols) and Fisher et al. (1994; open symbols) along two position
angles (PA= 155◦ and 65◦).
gle metallicity population models from Vazdekis (1999) convolved
with a Gauss-Hermite expansion. The best-fitting parameters are
determined by chi-squared minimization in pixel space using the
penalized pixel fitting (pPXF) method by Cappellari & Emsellem
(2004), which is implemented as part of the XSauron software
developed at CRAL4. We computed the uncertainties by means of
Monte Carlo simulations (100 realizations) and estimate them to
be 5 km s−1 on average for the mean velocity, 11 km s−1 for the
velocity dispersion and 0.03 for h3 and h4 for S/N = 60 per
pixel. This procedure traces only errors due to sampling, spectral
range and noise, but not those introduced by a potential template
mismatch. We however minimize template mismatch by using an
optimal template (see Section 4.1 below). The stellar kinematics
were also measured in the inner arcseconds using the STIS data and
van der Marel & Franx’s (1993) code, restricting the fit to a Gaus-
sian without higher order terms because of the poor data quality.
4.1 Measurement of emission-free stellar kinematics
NGC 7332 presents the following emission lines in the rest wave-
length range covered by SAURON (4790− 5350 A˚): Hβ (4861 A˚),
[O III] (4959 and 5007 A˚) and the [N I] doublet (5197.9 A˚ and
5200.4 A˚). Caution is thus required when deriving the stellar kine-
matics. To obtain a clean stellar spectrum, we followed the detailed
prescriptions described below.
We first build a library of synthetic stellar spectra with dif-
ferent ages and metallicities from the library of Vazdekis (1999),
convolved to the SAURON instrumental resolution (rendered uni-
form over the FOV). For each target spectrum, we then perform the
following steps:
(1) We measure the stellar kinematics using pPXF in the wave-
length range 4830 − 5280 A˚, avoiding the regions with nebular
emission (e.g., Hβ, [O III] and [N I] lines). This procedure provides
the best template fit to the full wavelength range.
(2) The subtraction of the best template fit from the original
dataset results in a ‘pure emission line’ spectrum that is used to
extract the gas kinematics. For this, we fit the emission spectrum
approximating each line with a Gaussian. The gaussian fit is then
4 Centre de Recherche Astronomique de Lyon
removed from the original data, yielding an ‘emission line-free’
spectrum from which clean line-strength indices can be derived.
An illustration of this procedure for NGC 7332 is presented in Sec-
tion 5.
In order to check the accuracy of our results, we com-
pared them with the best available long-slit stellar kinematics of
NGC 7332 (Fisher et al. 1994). In Figure 3, the velocity and ve-
locity dispersion profiles along two perpendicular position angles,
PA= 155◦ and PA= 65◦, are shown. They are consistent within
the errors.
4.2 A KDC & central disk in NGC 7332
As sown in Figure 4, NGC 7332’s stellar kinematics displays a
rather smooth velocity field with rotation along the major-axis, but
it also shows some peculiarities. One is a KDC reported here for
the first time (r
∼
< 2.′′5) and revealed by an ’S’-shaped zero-velocity
contour in the SAURON stellar velocity field, emphasized in the en-
larged version provided in Figure 5 (bottom left panel). We also
present a comparison of the STIS spectroscopy and SAURON data
along PA≈ 160◦ (the apparent major-axis in the inner parts; see
Fig. 6). At the spatial resolution of SAURON, we only detect a weak
central counter-rotating structure, but the signature is clear in the
STIS data, with an amplitude of about 30 km s−1 in the central 2′′.
In order to emphasize these central features, we have modeled
the SAURON velocity field on large scales with a simple exponen-
tial disk (Freeman 1970), excluding the central 2.′′5 from the fit
to avoid being affected by the KDC. The result is shown in Fig-
ure 5. The best model was forced to have PA= 160◦, consistent
with the photometric major-axis as measured in Section 3 and from
the SAURON reconstructed total intensity image. The residual im-
age (Fig. 5, bottom right panel) highlights the KDC component: its
angular momentum projected onto the minor-axis of NGC 7332 is
negative, justifying its identification as a counter-rotating compo-
nent (CRC). The kinematic major-axis of this CRC seems however
tilted by ≈ 20◦ with respect to that of the main galaxy.
We note that there is only very weak evidence for a flattening
of the velocity profile in the central arcseconds along PA= 155◦
(see Fig. 3; Section 4.1) and we cannot find any conclusive evi-
dence for the presence of counter-rotation at this PA. It is however
clearly seen at PA= 160 (the major-axis; see Fig. 6). And although
the detection of this structure is strongly dependent on the spatial
resolution, it again illustrates the advantage of IFUs over long-slit
spectrographs.
The velocity dispersion map shown in Figure 4 reveals a cen-
tral dip of about 10 km s−1 along the major-axis of NGC 7332 (see
also Fig. 7), in contrast with the traditional peak found at the cen-
ter of the bulges of most early-type galaxies. This drop in velocity
dispersion is on the same scale as the KDC (r
∼
< 2.′′5; see Fig. 4)
and may well be associated with it.
In addition to the photometric evidence presented in Sec-
tion 3, there are also kinematic features supporting the presence
of a central disk on a larger scale than the KDC. In particular, the
Gauss-Hermite moment h3 (≈ 0.1 in amplitude) is strongly anti-
correlated with V in the region where the central disk is postulated.
The superposition of a fast-rotating disk to a moderately rotating
spheroid produces a similar asymmetry in the line-of-sight velocity
distributions (LOSVDs).
We have therefore discovered a remarkably unusual situation
in the core of NGC 7332, with a stellar KDC (r
∼
< 2.′′5) and a larger
central disk (r
∼
< 7′′).
c© 0000 RAS, MNRAS 000, 000–000
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Figure 4. Stellar kinematics of NGC 7332 from SAURON. a) Reconstructed total intensity (mag arcsec−2 , arbitrary zero point), b) mean velocity (km s−1),
c) velocity dispersion (km s−1), d) and e) Gauss-Hermite moments h3 and h4. The SAURON spectra have been spatially binned to a minimum S/N of 60 by
means of the Voronoi 2D binning algorithm of Cappellari & Copin (2003). Isophotes from the reconstructed total intensity image are overlaid on all maps in
1 mag arcsec−2 steps.
Figure 5. Fit to the SAURON velocity field of an exponential disk model
(Freeman 1970). Top panels: original velocity field as shown in Figure 4
(left) and fitted model (right). Bottom panels: zoom on the SAURON velocity
field with the zero iso-velocity curve over-imposed (solid line; left) and the
same region after subtraction of the best fit model (residual V − Vmodel;
right). All the maps are in units of km s−1. The area within the dashed
circle was excluded from the fit.
5 GAS KINEMATICS
NGC 7332 is best known for its peculiar gas structure, namely
the presence of two kinematically decoupled gas components,
as observed by Bertola et al. (1992), Fisher et al. (1994) and
Plana & Boulesteix (1996). Fisher et al. (1994) measured the
[O III] emission using several slits along different position angles,
whereas Plana & Boulesteix (1996) obtained complete 2D emis-
sion maps using the Hα line (Fabry-Perot observations). Here, we
Figure 6. Comparison of the SAURON (solid symbols) and STIS (open sym-
bols) velocity profiles at a position angle of 160◦ (the major-axis). The
SAURON error bars are, in some cases, smaller than the symbols size.
are able to map three different emission lines within the SAURON
wavelength range (Hβ, [O III], [N I]).
We obtained a pure emission line datacube using the proce-
dure described in Section 4.1. An illustration of the method is
shown in Figure 8 for four different locations in the SAURON
FOV. The fitted synthetic spectra (red lines) are overlaid on the
SAURON spectra of NGC 7332 (black lines) and the differences
are shown underneath. The residuals are small outside the spec-
tral regions where emission lines are expected to contribute, with
oscillations just slightly above that expected from the correspond-
ing noise level. As shown in Figure 9, [O III] is strong everywhere
in the galaxy. The Hβ line, although present, is much fainter than
[O III]. We measured the Hβ and [O III] kinematics by fitting a sin-
gle Gaussian to each of the three lines simultaneously, which relies
on the assumption that all the lines have the same velocity and ve-
locity dispersion. We have also assumed a 1:2.96 ratio for the [O III]
components (Osterbrock 1989) but left the [O III] to Hβ ratio free.
In our analysis, these assumptions seem to hold everywhere in the
field. Located on the wing of the Mg b absorption line (5170 A˚), the
c© 0000 RAS, MNRAS 000, 000–000
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[N I] doublet is very difficult to detect. Our analysis reveals negligi-
ble amounts of [N I] emission within the SAURON FOV so we have
not corrected the original spectra for its presence.
In Figure 9, we present the Hβ and [O III] intensity maps as
well as their kinematics in the form of mean radial velocity and
velocity dispersion maps. The intensity distribution of the Hβ and
[O III] lines have similarities, although the Hβ intensity is much
fainter. The detection of Hβ emission at the centre is somewhat
marginal (compared to the bright underlying stellar contribution).
We find a bright counter-rotating ionised gas component and weak
traces of a much fainter co-rotating one. We were able to obtain
[O III] intensity values for the main counter-rotating component
easily but the second component is much more difficult to isolate,
not only because of its low relative contribution but also because of
SAURON’s limited spectral resolution (see Fig. 8). We could thus
only trace it in a small region of our field, and decided not to at-
tempt to derive its velocity field. There is however no doubt that
this second component exists, as emphasized by Fisher et al. (1994)
and Plana & Boulesteix (1996).
The emission line maps we have obtained for NGC 7332 show
a complex structure. The bulk of the [O III] emission is clearly
misaligned with respect to the main stellar disk and shows strong
departures from an axisymmetric distribution. We detect a long
arc-like filament in the [O III] distribution on the NW side of
NGC 7332, connecting onto the major-axis of the galaxy at the
northern limit of the SAURON FOV. The velocity and velocity dis-
persion maps of the gaseous component also show strong non-
axisymmetric kinematics and we find an [O III] emitting region iso-
lated in velocity (≈ 350 km s−1 from systemic) about 7′′ SW of
the galaxy centre.
Masking out all marginal [O III] detections (essentially all flux
below −3 in Fig. 9) and the high velocity material mentioned
above, the [O III] map then exhibits a bar or spiral-like structure
within the central 10′′ . This structure is similar to, but less con-
trasted than, the one found in the other nearly edge-on lenticular
galaxy NGC 3377 (Bacon et al. 2001). Assuming that NGC 7332
is close to edge-on, at an inclination of ≈ 75◦ (Andredakis et al.
1995), then the [O III] most likely has a substantial vertical exten-
sion and is simply seen in projection against the disk. If, on the
other hand, NGC 7332 is more face-on, then this structure could
indeed be in the equatorial plane.
6 STELLAR POPULATIONS
The many distinct kinematic components identified in the previ-
ous sections raise the question of the sequence of events lead-
ing to the current structure of NGC 7332. Valuable informa-
tion can be obtained by investigating the stellar populations over
the full FOV of SAURON. The measurement of absorption line-
strengths together with predictions of stellar population models can
be used to infer the luminosity-weighted age and metallicity of
the stellar populations (e.g., Gonza´lez 1993; Worthey et al. 1994;
Kuntschner & Davies 1998).
We used our flux-calibrated datacube to measure several line-
strength indices available in the SAURON wavelength range (i.e.
Hβ, Fe5015, Mg b and Fe5270). These indices were then calibrated
onto the Lick/IDS system (Worthey et al. 1994) following the pro-
cedures outlined in Kuntschner (2000). Specifically, we observed
73 stars in common with the Lick/IDS system to establish the small
systematic offsets for each index (see also Worthey & Ottaviani
1997). We also estimated the velocity dispersion corrections, to ac-
Figure 7. NGC 7332’s stellar kinematic major-axis profiles from SAURON
(PA= 160◦). The radial velocity and velocity dispersion are in km s−1.
count for the broadening of the spectral features by the LOSVDs,
using a sub-set of model spectra by Vazdekis (1999) broadened to
the Lick/IDS resolution.
The Lick/IDS Fe5270 index cannot be fully mapped with
SAURON due to the varying bandpass over its FOV (de Zeeuw et al.
2002). In order to maximize the available FOV, a new index was
defined (Fe5270S ) which measures the same spectral feature, but
has a reduced spectral coverage in the red pseudo-continuum band.
This new index was then converted onto the original Lick/IDS sys-
tem via the empirical, linear relation.
Fe5270 = 1.26 · Fe5270S + 0.12 (1)
The 1σ standard deviation of this empirical calibration is ±0.05 A˚
for the Fe5270 index. More details on the SAURON line-strengths
system are given in a forthcoming paper of the main SAURON series
that applies to the full SAURON survey.
We measured the indices before and after applying our emis-
sion subtraction procedure (Section 4.1). As can be seen in the line-
strength maps shown in Figure 10, the corresponding corrections
are large in the outer parts due to the substantial contamination by
the emission lines (mostly Hβ and [O III]). The emission corrected
line-strength values do somewhat depend on the combination of
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Figure 8. Optimal template fitting for NGC 7332 in four different locations: the KDC (circle), main disk (upward triangle), minor axis (square) and bar
(downward triangle). Red lines represent the best fitting stellar templates (see Section 4.1) of the underlying galaxy spectra (black lines). Residual spectra
are shown underneath. The central panel shows the [O III] intensity distribution (Fig. 9) with isophotes from the reconstructed total intensity image (Fig. 4)
overlaid in 1 mag arcsec−2 steps.
Figure 9. Hβ and [O III] gas distribution and kinematics from SAURON. The intensities are in mag arcsec−2 (arbitrary zero point) while the velocity and
velocity dispersion are in km s−1. Isophotes from the reconstructed total intensity image (Fig. 4) are overlaid on all maps in 1 mag arcsec−2 steps.
single-age, single-metallicity population models used to build the
optimal template and fit the raw data. But although this procedure
is critical for the removal of the Hβ contamination from the Hβ
index, it is negligible for the removal of the [O III] contamination
from the Fe5015 index, and the Mg b and Fe5270 indices are to-
tally unaffected. The maximum error in the Hβ index introduced
by using different sets of optimal template libraries is 0.08 A˚ (1σ).
After the emission-subtraction process, we find that Hβ re-
mains nearly constant (within the errors) over the whole SAURON
FOV. Since the fitting procedure works on the spectra completely
independently from one another, it is unlikely that a flat Hβ map
could be obtained by an inaccurate subtraction of the emission.
The Mg b, Fe5015 and Fe5270 maps show a steep increase in line-
strength within 5′′ of the centre (see also Fig. 11), but outside of
this inner region the metal line-strengths are approximately con-
stant over the FOV. There is, however, some evidence that the val-
ues of the Mg b, Fe5015 and Fe5270 indices decrease slightly at
r ≈ 10′′ and increase again at the outermost radii along the major
axis (see Fig. 10 and Fig. 11).
The overall line-strength distribution is sufficiently uniform
that none of the galaxy components identified in the previous sec-
tions (i.e. the KDC, inner disk, bar, and outer disks) can be clearly
identified in these maps. Specifically, the flat Hβ index suggests
a rather uniform age across the entire FOV covered by SAURON.
If the (luminosity-weighted) age of the bulge or the central disk
in NGC 7332 were much different from that of the main body, it
should be seen in the Hβ map (Hβ is sensitive to age and indepen-
dent of metallicity changes to first order; see Worthey et al. 1994)
Index-index diagrams such as Hβ vs [MgFe]5, together with
5 [MgFe] ≡
√
Mg b ×
(Fe5270+Fe5335)
2
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Figure 10. SAURON Hβ, Fe5015, Mg b and Fe5270 line-strength maps on the Lick/IDS system (Worthey et al. 1994). Top row: raw indices. Bottom row:
emission-corrected indices. Isophotes from the reconstructed total intensity image (Fig. 4) are overlaid on all maps in 1 mag arcsec−2 steps.
stellar population model predictions, are often used to estimate
luminosity-weighted ages and metallicities of galaxies. This com-
bination of indices is almost insensitive to non-solar abundance
ratios which can otherwise significantly affect age and metal-
licity estimates (e.g., Trager et al. 2000; Kuntschner et al. 2001;
Thomas et al. 2003). Here, the use of the Fe5270 and Mg b indices
as metallicity indicators is unfortunately limited by the restricted
wavelength range of SAURON. In order to minimize the effects
of non-solar abundance ratios, we have thus defined a new index,
[MgFe52]′ ≡ (0.62×Mg b+ Fe5270)/2.0, using the model pre-
dictions of Thomas et al. (2003).
In Figure 12, we present the results of our analysis by aver-
aging 1.′′6 × 1.′′6 regions (i.e. 2 × 2 lenslets) around the four key
positions shown in Figure 8. The estimated luminosity-weighted
age for all regions is 5 ± 2 Gyr. The metallicity of the central
area is about 2 times solar while the outer areas show metallici-
ties between 0.35 and 1 times solar. These results are consistent
with others found in the literature. Using a similar line-strength
analysis, the nucleus of NGC 7332 has been reported to host a pop-
ulation of luminosity-weighted age between 4 and 6 Gyr depend-
ing on the authors (Vazdekis & Arimoto 1999; Terlevich & Forbes
2002). The color gradients are also small in the disk and bulge
(Peletier & Balcells 1997), consistent with our finding of an ap-
proximately constant age across the SAURON FOV.
The young luminosity-weighted age of 5 ± 2 Gyr detected
in our analysis clearly shows that NGC 7332 has experienced rel-
atively recent star formation. Furthermore, the uniformity of the
Hβ map suggests that this star formation affected all regions of the
galaxy probed by our integral-field instrument.
7 DISCUSSION
In this paper, we studied a galaxy that has sometimes been labelled
peculiar. Using integral-field spectroscopy, we were able to bet-
ter constrain the stellar kinematics, the ionised gas distribution and
kinematics, and the stellar populations of NGC 7332. In turn, those
can now be used to better constrain its evolutionary history. A sum-
mary of some key numbers extracted from the data is given in Ta-
ble 2.
7.1 The presence of a bar
A number of photometric features described in Section 3 are con-
sistent with NGC 7332 being a barred galaxy viewed close to
edge-on. Indeed, soon after they form, bars buckle and settle with
an increased thickness, appearing boxy-shaped when seen end-
on (i.e. along the bar major-axis) and peanut-shaped when seen
side-on (i.e. along the bar minor-axis; see e.g. Combes et al. 1990
and Raha et al. 1991 for N-body simulations; Merrifield & Kuijken
1999 and Bureau & Freeman 1999 for observations). The boxiness
of the isophotes does not show properly in the c4 profile of Figure 2
because the isophotes are simultaneously boxy (at large galactic
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Figure 11. SAURON emission-corrected line-strength major-axis profiles
(Hβ, Mg b, Fe5015 and Fe5270) on the Lick/IDS system (Worthey et al.
1994). The error bars represent Poisson errors.
heights) and disky (along the equatorial plane), due to the super-
position of the boxy bar and an inner disk. The boxiness is how-
ever obvious in the image shown in Figure 1. The plateau in the
major-axis surface brightness profile at intermediate radii found
by Seifert & Scorza (1996) and confirmed by our I-band image
(Fig. 1, right panel) is also characteristic of bars viewed nearly
edge-on (see e.g., Lu¨tticke et al. 2000; Bureau & Athanassoula
2004). NGC 7332 finally exhibits a double disk structure, which
can be interpreted as the result of secular evolution due to the pres-
ence of a bar (see e.g. van den Bosch & Emsellem 1998 and refer-
ences therein).
Although NGC 7332 is close to edge-on, it is still possi-
ble to use its (projected) kinematics to verify the existence of
the large-scale thick bar suggested by the photometry (see Sec-
tion 3; Bureau & Athanassoula 2004). The extracted major-axis
kinematic profiles of NGC 7332 (Fig. 7; but see also Fisher et al.
1994) show kinematic features commonly seen in early-type barred
galaxies: a ’double-hump’ velocity profile and a central (local)
minimum in the velocity dispersion. Double-hump velocity pro-
files are observed in dissipationless simulations of barred disks
(Bureau & Athanassoula 2004) and in a number of galaxies with
so-called ’double-disk’ structures (e.g., Seifert & Scorza 1996;
Baggett et al. 1998), also often associated with barred systems
(e.g., van den Bosch & Emsellem 1998). Central velocity disper-
sion minima have also been observed in barred galaxies (e.g.,
Emsellem et al. 2001) and interpreted as the signature of a cold stel-
lar disk, presumably resulting from recent (bar-driven) gas accu-
mulation at the center (Emsellem et al. 2001; Wozniak et al. 2003).
The very weak dependence of rotation on galactic height shown
in Figure 4 is also consistent with NGC 7332 being barred (e.g.,
Combes et al. 1990; Athanassoula & Misiriotis 2002), although ax-
isymmetric configurations can also in principle give rise to cylin-
drical rotation (e.g., Rowley 1988).
The only major difference with the kinematic bar signa-
tures emphasized by Bureau & Athanassoula (2004) from N-body
simulations is the strong h3 − V anti-correlation in the central
parts (r
∼
< 7′′). This is however commonly observed in boxy
bulges otherwise showing strong evidence for the presence of a bar
(Chung & Bureau 2004) and most likely results from the absence
of a dissipative component in the simulations (see Friedli & Benz
1993; Wozniak et al. 2003).
Table 2. SAURON parameters for NGC 7332.
Parameter Value Units
Stellar Heliocentric Systemic Velocity 1206 ± 5 km s−1
Gas Heliocentric Systemic Velocity 1206a ± 7 km s−1
Stellar Vmax 123b ± 5 km s−1
Extent of the KDC ∼2.5 arcsec
Extent of the Central Disk ∼7.0 arcsec
Mass of counter-rotating ionised gas ∼1.5 105 M⊙
EW(Hβ) 2.23c ± 0.09 A˚
EW(Mg b) 3.45c ± 0.18 A˚
EW([MgFe52]′) 2.53c ± 0.07 A˚
a from the Hβ and [O III] lines fitted simultaneously.
b within the SAURON field.
c central aperture [1.′′6 x 1.′′6]
The rather homogeneous stellar population of NGC 7332 is
also consistent with the presence of bar. Indeed, the so-called bulge
and disk are then both made-up of the same (disk) material, and
any population gradient that may have been present before the bar
formed or may develop afterwards will be smoothed out by the
large radial and vertical motions of the stars, at least within the bar
region (e.g., Martin & Roy 1994; Friedli, Benz & Kennicutt 1994).
Gradients in the very centre may however survive or develop due
to bar-driven inflows.
The presence of a bar in NGC 7332 was already hinted at by
Fisher et al. (1994), who were however left to speculate about its
existence. Lu¨tticke et al. (2000) estimated a diameter of 56′′ for the
(weak) bar in NGC 7332 via the characteristic major-axis plateau
(observed here in the near-infrared). Considering the discussion
above, we can now assert its presence with more confidence. For
the remainder of this discussion, we will thus take for granted the
presence of a bar in NGC 7332 and focus our efforts on understand-
ing its origin and role in the evolution of the galaxy.
7.2 Origin and status of the gas
NGC 7332 exhibits some amount of counter-rotating ionised gas
(≈ 1.5 · 105 M⊙), which has commonly been used to argue for
an external origin. In the case of NGC 7332, the ionised gas most
likely comes from a tidal interaction with the neighbouring galaxy
NGC 7339. We note that extended counter-rotating ionised gas
is common in S0s (Bertola et al. 1992), and more specifically in
galaxies with boxy bulges (Bureau & Chung 2004, in preparation).
Although the ionised gas distribution and kinematics obtained
from the SAURON datacube are complex, some of the counter-
rotating gaseous component in NGC 7332 seems to have a rela-
tively ordered flow and extends relatively far from the major-axis
of the galaxy. If we assume that the galaxy is sufficiently inclined,
the ionised gas could trace a bar or spiral-like structure in the equa-
torial plane. If quasi edge-on, however, it must have a significant
vertical extent. Considering the orbital timescales involved (e.g.
about 2.5 × 106 yr for a gas clump 1 kpc from the centre), we
would naively expect the (dissipative) counter-rotating ionised gas
to be quickly driven back to the equatorial plane. This need not
be so, however, as in the tumbling potential of a bar there exists
one major family of stable retrograde orbits (the ’anomalous’ or-
bits) which is tilted with respect to the equatorial plane and can
reach significant heights (Pfenniger & Friedli 1991; Friedli & Udry
1993; Emsellem & Arsenault 1997).
Despite the above ambiguity, it is safe to assume that an
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Figure 12. Hβ vs [MgFe52]′ equivalent width diagram. Symbols represent
measurements from the clean datacube at the four positions shown in Fig-
ure 8: the KDC (circle), main disk (upward triangle), minor axis (square)
and bar (downward triangle). The error bar in the bottom left corner shows
the 1σ uncertainty introduced by the emission subtraction process. The er-
ror bars shown for the data points represent Poisson errors.
accretion event is at the origin of the observed counter-rotating
gaseous component in NGC 7332. The same accretion event could
be responsible for the formation of the central KDC revealed by
SAURON and STIS, as well as the dip in the velocity dispersion
profile (see Section 4.2) and the increase of the Mg b and Fe5270 in-
dices at the very centre (see Section 6). The Hβ index values would
then setup an upper limit of about 3-4 Gyrs (luminosity-weighted)
for the KDC (see Fig. 12). Another later accretion event may be
required to explain the more perturbed gas clumps located further
away from the equatorial plane (see Section 5), which have rather
high relative velocities. This gas has certainly not settled yet, but it
will eventually fall back towards the equatorial plane of NGC 7332.
7.3 Evolutionary scenarios
Any formation and evolution scenario for NGC 7332 must take into
account the two main ingredients hinted at from the observations
described in this paper: the presence of a bar and a recent interac-
tion event. We now examine them in turn.
7.3.1 The role of the bar and the central stellar disk
In our view, the main morphological and kinematic features that
we associate with the bar in Section 7.1 do not represent a proper
illustration of bar-driven evolution processes. This is because, al-
though those properties become more extreme as the bar strength-
ens, most of them are established on timescales equivalent to the
bar formation itself (e.g., Combes et al. 1990; Raha et al. 1991;
Bureau & Athanassoula 2004). In the following paragraphs, we
thus concentrate on (presumably) bar-driven processes which take
place gradually over a much longer timescale (i.e. tens of dynami-
cal times).
In the context of the bar hypothesis, the interaction between
the natural frequencies of the system (e.g., the angular and epicyclic
frequencies of the circular orbits) and the pattern speed of the bar
implies the existence of resonances, around which the galaxy is
shaping. The photometric and kinematic features we observe in
NGC 7332 will thus likely be associated with those resonances.
The double disk structure is particularly interesting in this respect
since it likely builds up gradually through bar-driven processes
(van den Bosch & Emsellem 1998).
The inner disk is usually interpreted as marking the region
within the Inner Lindblad Resonance (ILR). The major-axis plateau
observed by Lu¨tticke et al. (2000) extends to a radius of about
25′′ (≈ 2.8 kpc), setting a lower limit for the length of the
bar. Assuming the standard corotation radius to bar length ratio
rCR/rb = 1.2 for early-type barred galaxies (e.g., Athanassoula
1992; Gerssen, Kuijken & Merrifield 2003 and references therein),
rCR ≈ 30
′′
. A simple model then predicts the ILR to be at roughly
12′′ (see van den Bosch & Emsellem 1998), indeed marking the
transition between the inner disk and the outer disk. This may be
supported by the line-strength index maps, where there is evidence
for a weak decrease of the Fe5015, Mgb and Fe5270 profiles at
about 10′′ along the major-axis (see Figs. 10 and 11).
A comparison with the edge-on S0 galaxy NGC 4570 ap-
pears appropriate here, since it may be at a different stage of a
similar (bar-driven) process. NGC 4570 was studied in detail by
van den Bosch & Emsellem (1998), who identified similar mor-
phological features (i.e. double disk and intermediate boxy struc-
tures) to those in NGC 7332. Their study also revealed the same
trends in ellipticity and boxiness (c4). The case for a bar was made
there almost exclusively based on the identification of two edge-
on rings, exceptionally well characterized and consistent with the
locations of bar resonances. The structures observed in NGC 4570
are however one order of magnitude smaller than in NGC 7332:
the ’nuclear’ disk is less than 1′′ in radius and the inner ring is at
a radius of ≈ 1.′′7. The main difference between the two galax-
ies then lies in the detection of a large-scale bar of about 3 kpc
in NGC 7332, whereas van den Bosch & Emsellem (1998) hinted
at the presence of an ’inner’ bar of ≈ 320 pc in NGC 4570 (with
no evidence of a large-scale bar). Another obvious qualitative dif-
ference is the presence of a significant amount of counter-rotating
stars and gas in the central region of NGC 7332. We could speculate
on the existence of a secondary bar in NGC 7332, but its detection
would require high spatial resolution photometry with high signal-
to-noise (e.g. HST WFPC-2 or ACS images). It may thus well be
that NGC 7332 is simply in an earlier stage of a gradual bar-driven
evolutionary process.
7.3.2 The role of interactions
The formation of decoupled cores is often mentioned within the
hierarchical structure formation framework (e.g., Kauffmann et al.
1994), involving multiple mergers to form galaxies. As mentioned
above, although there is no evidence for a recent major merger,
the gas distribution and kinematics strongly suggest that NGC 7332
was recently involved in an interaction event (most likely with
NGC 7339). The KDC could then correspond to the last or one of
the last major accretion (and star formation) events in such a hier-
archy (e.g., Davies et al. 2001). In fact, the bar itself could be the
result of that same event, as bar are easily excited by tidal interac-
tions (e.g., Noguchi 1987; Gerin, Combes & Athanassoula 1990).
The neighbour galaxy NGC 7339, a Sb galaxy placed 5′ away
from NGC 7332, is most likely the one responsible for such an
event. The position of this galaxy is such that the offplane gas
clump found in NGC 7332 could well be a direct continuation of
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the west side of NGC 7339’s disk. Additionally, the maximum re-
ceding velocity measured on the west side of this galaxy is ∼1525
km s−1(Courteau 1997), which is strikingly similar to the radial
velocity of the high velocity clump in NGC 7332 (∼1550 km s−1).
This picture leads to the suggestion that this clump is linked to
NGC 7339. Deep HI observations could confirm this idea.
It is hard to assess which of the bar or the interaction occurred
first, and whether the KDC was formed from material funneled by
the former or the latter. NGC 7332 will, however, continue to evolve
on a timescale of a few 108 yr. As emphasized above, the gas will
settle down due to its dissipative nature, and some of it may feed the
inner few arcseconds (with or without more star formation). In this
context, NGC 7332 may be seen as a precursor of the now gas-poor
edge-on S0 galaxy NGC 4570.
8 CONCLUSIONS
We presented in this paper new SAURON integral-field spec-
troscopy observations of the edge-on S0 galaxy NGC 7332, along
with a discussion of existing ground and space-based imaging.
The photometric analysis reveals a boxy bulge, a central disk
and evidence for the presence of a bar (Section 3; but see also
Lu¨tticke et al. 2000). The SAURON observations provide unprece-
dented coverage of the stellar and gas kinematics. In particular,
the stellar kinematics displays a rather smooth velocity field with
rotation along the major-axis and a weak dependence of rotation
on galactic height. We also discovered a stellar kinematically de-
coupled component (KDC) misaligned with respect to the galaxy’s
kinematic major-axis, which may be related to a dip in the cen-
tre of the velocity dispersion map (r
∼
< 2.′′5). We finally provided
kinematic evidence for the presence of a larger central stellar disk
(r
∼
< 7′′).
NGC 7332 presents significant ionised gas emission in the
spectral range studied, in particular in the Hβ (4861 A˚) and [O III]
(4959 and 5007 A˚) lines. We used a sophisticated technique to
separate the absorption and emission lines, yielding both pure ab-
sorption spectra from which to derive the stellar kinematics and
pure emission spectra for the gas kinematics (and distribution). The
emission maps reveal a very complex gas morphology and kine-
matics. This is found especially in [O III] which is mainly counter-
rotating with respect to the stars. The gas maps (Figure 9) show
significant amounts of gas at high relative velocities outside of the
equatorial plane, whereas the central parts display rather ordered
motions. We also found traces of a faint co-rotating ionised gas
component.
The analysis of the absorption line-strengths in NGC 7332
show that its stellar populations are generally young (5 ± 2 Gyr),
not only in the disk but also in the bulge, in agreement with
previous studies (Balcells & Peletier 1994; Vazdekis et al. 1996;
Terlevich & Forbes 2002). The metallicity indices (i.e. Fe5015,
Mgb, Fe5270) show an increase in the centre, contrasting with the
rather homogeneous Hβ index. There is also weak evidence of a
decrease at r ≈ 10′′, between the central and the outer disks.
The existence of a large-scale bar in NGC 7332 can simul-
taneously explain most of the features found in the galaxy. The
boxy morphology can be explained by the thickness of the bar af-
ter buckling, which also leads to homogeneous stellar populations
across the bulge and disk. The stellar kinematics can similarly be
explained by the particular orbital structure of barred disks (see
Bureau & Athanassoula 2004). The KDC, on the other hand, was
most likely formed through late gas infall, an accretion event per-
haps related to the complex ionised gas distribution currently seen.
As emphasized by the unique data set presented in this paper,
the S0 galaxy NGC 7332 possesses a number of peculiar properties
helping to unravel its formation and evolution processes. There is
strong observational evidence that interactions played a role in the
shaping of NGC 7332, while the bar has and is certainly signifi-
cantly affecting its evolution. Given the amount of gas yet to settle
and the relatively young age of the stellar populations in NGC 7332,
it probably represents an earlier evolutionary stage of more regular
edge-on S0 galaxies (i.e. NGC 4570, van den Bosch & Emsellem
1998; NGC 3115, Emsellem 2003; NGC 3377, Bacon et al. 2001).
The morphology and dynamics of present-day S0 galaxies can thus
probably be understood through the combined effects of both inter-
actions and bar-driven processes.
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